ORCID ID: 0000-0001- 8393-3575 (F.H.) rRNA genes consist of long tandem repeats clustered on chromosomes, and their products are important functional components of the ribosome. In common wheat (Triticum aestivum), rDNA loci from the A and D genomes were largely lost during the evolutionary process. This biased DNA elimination may be related to asymmetric transcription and epigenetic modifications caused by the polyploid formation. Here, we observed both sets of parental nucleolus organizing regions (NORs) were expressed after hybridization, but asymmetric silencing of one parental NOR was immediately induced by chromosome doubling, and reversing the ploidy status could not reactivate silenced NORs. Furthermore, increased CHG and CHH DNA methylation on promoters was accompanied by asymmetric silencing of NORs. Enrichment of H3K27me3 and H3K9me2 modifications was also observed to be a direct response to increased DNA methylation and transcriptional inactivation of NOR loci. Both A and D genome NOR loci with these modifications started to disappear in the S4 generation and were completely eliminated by the S7 generation in synthetic tetraploid wheat. Our results indicated that asymmetric epigenetic modification and elimination of rDNA sequences between different donor genomes may lead to stable allopolyploid wheat with increased differentiation and diversity.
INTRODUCTION
Allopolyploidization is mainly derived from interspecific or intergeneric hybridization and functions as a major force in plant evolution (Wendel, 2000; Feldman and Levy, 2005; Otto, 2007; Leitch and Leitch, 2008) . Chromosome imbalances and genome instability induced by allopolyploidization lead to "genome shock" (McClintock, 1984) of the newly formed amphidiploids, which causes extensive genetic and epigenetic changes in the nascent hybrids (Comai, 2000; Chen, 2007) . Complicated changes that occur during the evolution of natural and synthetic allopolyploids include chromosomal rearrangements, chromatin remodeling, alteration in gene expression, DNA methylation and histone modification, and reactivation of transposable elements (Kashkush et al., 2003; Pontes et al., 2003 Pontes et al., , 2004 Adams and Wendel, 2005; Gaeta et al., 2007; Ha et al., 2009 ).
Originating from one or more allopolyploidization events, tetraploid and hexaploid wheat (Triticum aestivum) experienced rapid alterations and sporadic genomic changes in the process of evolution Levy, 2005, 2012) . Both low-copy sequences (Liu et al., 1998) and repetitive DNA sequences (Salina et al., 2004; Han et al., 2005) were largely eliminated in synthetic wheat. Such nonrandom elimination of genes and noncoding sequences induced differentiation and diversity of different genomes or chromosomes in subsequent generations, which is required for successful homology recognition and meiotic pairing (Feldman et al., 1997) . Extensive changes in gene expression (transcriptome shock) and epigenetic modifications (epigenome changes) were accompanied by sequence deletion during the process of allopolyploid formation (Shaked et al., 2001; Kashkush et al., 2002 Kashkush et al., , 2003 Levy and Feldman, 2004; Levy, 2005, 2009 ). However, these genomic and epigenomic alterations show genome-specific bias in wheat Ma et al., 2004) . In the hybrid of Aegilops sharonensis (S l S l ) 3 Aegilops umbellulata (S u S u ), 14% of the loci from Ae. sharonensis, but only 0.5% of the loci from Ae. umbellulata, were lost and twice as many sequences from Triticum monococcum were affected compared with Ae. sharonensis in the amphiploids of Ae. sharonensis 3 T. monococcum (Shaked et al., 2001 ). Analysis of genome-wide transcription revealed that the patterns of partial gene expression in synthetic hexaploid wheat are homoeolog specific, nonadditive, and parentally dominant (Akhunova et al., 2010; Chagué et al., 2010; Qi et al., 2012) . In addition, morphological traits and ecological adaptations are regulated only by one of the parental genomes in allopolyploid wheat (Peng et al., 2003; Nalam et al., 2006; Feldman and Levy, 2012) . However, the mechanisms underlying the establishment and maintenance of genomic asymmetry in the allopolyploid species remain unclear.
rRNA genes are long tandem repeats that experienced drastic changes such as sequence loss, structural rearrangement, and modified expression during the course of plant evolution (Schubert and Kunzel, 1990; Wendel et al., 1995; Mishima et al., 2002; Pontes et al., 2004; Ksią _ zczyk et al., 2011) . In six tetraploid Oryza species, the internal transcribed spacer (ITS) sequence of rRNA genes exhibits coexistence and maintenance of paralogs, generation of novel sequence variants, loss of arrays, or interarray sequence homogenization (Bao et al., 2010) . rRNA genes with the shorter intergenic spacer (IGS) sequences of Nicotiana sylvestris show elimination and rearrangement in the allotetraploid Nicotiana tabacum (Volkov et al., 1999; Kovarik et al., 2004 Kovarik et al., , 2008 . Expression of rRNA genes in allopolyploids are mainly regulated via "nucleolar dominance," an epigenetic phenomenon in which rRNA genes inherited from one parent are transcribed while those from the other parent are silenced (Navashin, 1928; Pikaard, 2000; McStay, 2006) . In both synthetic and natural polyploid species of Brassica napus, strong uniparental silencing of rRNA genes from Brassica oleracea is accompanied by hypermethylation of polymerase I promoters (Ksią _ zczyk et al., 2011) . The concerted actions of DNA methylation, histone H3K9 dimethylation, and H3K4 trimethylation induce silencing of NORs only from Arabidopsis thaliana in the newly formed allotetraploid Arabidopsis suecica . Due to the rapid response of the rRNA genes to the genetic stress triggered by allopolyploidization, they are used as models for studying genomic changes in allopolyploids (Baum and Feldman, 2010) .
The major 45S rDNA loci in diploid wheat are distributed on the 1A, 5A, 1B, 6B, and 5D chromosomes, and some of these loci, also called the nucleolus organizing region (NOR), became minor loci in tetraploid and hexaploid wheat during the course of evolution (Flavell and O'Dell, 1979; Appels et al., 1980; Miller et al., 1983; Frankel et al., 1987) . The activities of NORs are related to the size of the intergenic regulatory region and the status of cytosine methylation in wheat (Sardana et al., 1993; Dubcovsky and Dvorák, 1995; Neves et al., 1995; Houchins et al., 1997; Akhunov et al., 2001 Akhunov et al., , 2010 Silva et al., 2008) . However, details regarding the mechanism of rDNA sequence loss and epigenetic changes remain unknown.
We successfully synthesized tetraploid hybrids from three parental A, B (also referred to as S) (Sarkar and Stebbins, 1956; Blake et al., 1999) , and D genomes. We simulated consistent changes in sequence elimination, gene expression, and epigenetic modifications of the rRNA genes corresponding to their natural counterparts. In addition, several newly formed hexaploids (AABBDD) were used to study rRNA genes changes in comparison to the natural evolution between common and semi-wild wheat varieties such as Xinjiang and Tibet wheat. In this work, we provide insights that asymmetric genetic, DNA methylation, and histone modification variations are possible mechanisms of rDNA evolution that may function in three homoeologous A, B, and D genomes.
RESULTS
rDNA Loci from A and D Genomes Are Lost in Natural and Synthesized Allotetraploid and Hexaploid Wheat rDNA loci were detected by fluorescence in situ hybridization (FISH) in synthetic and natural wheat (Tables 1 and 2 ). Two pairs of NOR loci are found in each parental species: Aegilops longissima TL05 (chromosomes 1S l and 6S l ) and Triticum urartu TMU06 (chromosomes 1A and 5A) (Figures 1A and 1B) . In the first self-pollinated generation (S1) of the newly formed amphidiploid TL05 3 TMU06, there were four pairs of NOR loci derived from both parents ( Figure 1C ). After self-pollinating for four generations, one NOR locus disappeared in ;5.3% (16/299) of the amphidiploid individuals. Furthermore, 25% of the plants with NOR variation had only three pairs of NOR loci in the S5 generation ( Figure 1D ). Using the pHvG38 probe cloned from Ae. longissima (TL05) 3 T. urartu (TMU06) S l S l AA Ae. sharonensis (TH02) 3 T. monococcum ssp aegilopoides (TMB02) Figures 1A  and 1B) . Interestingly, one pair of NOR loci on chromosome 5A was deleted first (Supplemental Figure 1D ). We confirmed that NOR loci on the 5A chromosome were eliminated and total copy number of A genome NOR loci was significantly reduced by dotblot and quantitative PCR (qPCR) results (Supplemental Figure 2) . Furthermore, A genome NORs were continuously eliminated and the locus on chromosome 1A was lost in the S6 generation of the amphidiploids (;0.5%, 3/521) ( Figure 1E ). Consequently, after successive self-pollinations (S7 generation) in the synthetic amphidiploid TL05 3 TMU06, nearly all individuals had lost the rDNA loci from the A genome, and only the two pairs of NORs from the S l genome remained. The pattern of NOR loci caused by elimination in the synthetic tetraploids was consistent with that of natural tetraploids, in which the two dominant NOR loci from the B genome, and few or no copies from the A genome were present in the genome over long evolutionary histories ( Figure 1F ; Supplemental Figures 3 and 4) . Another newly formed amphidiploid TMU38 3 TQ27 (T. urartu 3 Ae. tauschii) also showed elimination of A genome rDNA sequences. There are six NOR loci in this new amphidiploid: four from the A genome and two from the D genome (Figures 2A to  2C ). However, a small fraction (;0.4%, 3/700) of amphidiploids had only five NOR loci in the S4 generation ( Figure 2D ). A single locus from the A genome was lost, which affected the total number of A genome NOR loci, as detected by the pAsI probe (Pedersen and Langridge, 1997) (Supplemental Figures 2 and 5) .
As in tetraploids, the copy number of rDNA sequences from the D genome was also reduced during the process of hexaploid wheat formation. There were two pairs of NOR loci from the B genome, one pair from the D genome, and few copies from the A genome in the synthetic and natural hexaploid wheat (Figure 3 ; Supplemental Figure 6 ). However, in contrast to synthetic hexaploids AT5 and 960 (Tables 1 and 2 Figure 2) .
Deletion of rDNA loci from the D genome, rather than the S b genome, was detected in the new tetraploid Ae. bicornis Silencing of rRNA Genes from the A Genome Can Be Induced by Chromosome Doubling Sequence polymorphisms in the ITS region allow the identification of distinct NORs by their recognition sites for specific restriction enzymes in different parental and amphidiploid lines (Figure 4) . Transcripts of rRNA genes were analyzed in polyploid wheat via reverse transcription-cleaved amplified polymorphic sequence (RT-CAPS) (Sardana et al., 1993; Pikaard et al., 2005) .
To study the rRNA gene transcription in amphidiploid TL05-TMU06, the DrdI restriction site was used, as it is found in the ITS region of the maternal line TL05, but not in the paternal line TMU06. A 659-bp fragment was amplified from partial 18S to 28S rRNA genes that contained the complete ITS region. Two smaller bands (585 and 74 bp) in TL05 were obtained after incubation with DrdI, while an intact 659-bp band was seen in TMU06 (the 74-bp band is not shown in all the figures). In F1 hybrids of the amphidiploid TL05-TMU06, digestion with DrdI of the ITS sequences (two lanes per set), which were amplified from both DNA and cDNA templates, resulted in two bands: one was 659 bp from TMU06 and the other was 585 bp from TL05 ( Figure 5A ). This indicated that the NORs from both parental lines were expressed. However, after chromosome doubling (the S0 generation), only one band of ;585 bp from cDNA template was observed after digestion, similar to the pattern of TL05. The disappearance of the other band (659 bp) from TMU06 indicated that NORs from TMU06 were silenced ( Figure 5A ). As a control, the patterns after digestion of the ITS products amplified from DNA template showed no difference between the F1 and S0 generations, which confirmed that the paternal rDNAs remained in the amphidiploid genomes.
Similar results were found in two other crosses: TMU38 3 TQ27 and TQ27 3 TMU38. The NORs derived from both parents were actively transcribed in the F1 hybrids, but in the S0 generation the A genome NORs were silenced ( Figure 5C ). The NORs from A genomes were consistently silenced in the reciprocal hybrids AADD and DDAA ( Figure 5C ). The A genome rRNA genes in different amphidiploids were silenced prior to D genome rRNA genes during the chromosome doubling process. 
Silenced rRNA Genes Maintain Functional Inactivity after Self-Pollination
In TL05 3 TMU06 (SSAA) and TMU38 3 TQ27 (AADD), both NORs from the A genome, were silenced in the S0 generation. After successive self-pollinations for three or four generations, the progenies, especially those that lost partial rDNA loci from the A genomes ( Figure 1D ), showed that the A genome NORs remain silenced ( Figures 5B and 5D ). The silenced A genome NORs also maintained functional inactivity after self-pollination in another amphidiploid, Ae. sharonensis (TH02) 3 T. monococcum (TMB02), and in several natural tetraploids (Supplemental Figure 9) . Furthermore, rRNA gene transcription was detected by a nucleolin protein that was shown to bind only to transcriptionally active rRNA genes . A unique 425-bp repetitive sequence from the B and the D genome IGS regions was identified and used as a specific probe to distinguish the NOR loci from different genomes (Figure 4 ; Supplemental Figure 10 ). Most of the rDNA loci from the parental lines TL05 and TMU06 were observed to colocalize with the nucleolin protein that binds only transcriptionally active rRNA genes ( Figure 6 ). However, in the S4 generation of the hybrids, nucleolin was bound to S l genome but not to A genome NORs ( Figure 6 ). These results further confirmed the pattern of transcript accumulation that was obtained by RT-CAPS as described above ( Figure 5B ).
The nucleolar dominance of rRNA genes among the A, B, and D genomes was also observed in the synthetic, semi-wild, and natural hexaploids. In three parental genomes, the DrdI restriction site was absent only from the A genome ITS region, and the PvuII restriction site was found only in the B genome ITS region (Supplemental Figure 9) . Therefore, it revealed that the NORs from the A and D genomes were silenced, and only the B genome NORs were active in the S6 generation of the synthetic, semi-wild, and natural hexaploids (Figures 5E to 5H).
Haploidization Cannot Reactivate Silenced rRNA Genes from the A and D Genomes
To determine whether NOR silencing can reversed by inducing haploidy, we checked the NOR activity in 1RS/1BL translocation lines K-salmon (2n=42) and its haploid derivatives (2n=21) (Tsunewaki, 1964) (Table 2) .
In K-salmon, FISH results showed two pairs of B genome NORs, one pair of R and D genome NORs, and two weak signals of A genome NORs ( Figure 7A ). In the haploid, only half of the signals were observed ( Figure 7B ). According to sequence polymorphisms in the ITS region, the NOR activity from the A, D, R, and B genomes in the hybrids can be distinguished by DrdI, BssSI, BsrBI, and PvuII restriction enzymes ( Figures 7C and 7D ). After digestion with DrdI, one band was visible, and no expression of NORs from the A genome was detected in both K-salmon and its haploids ( Figure 7E ). NORs from the D and R genomes were silenced as indicated by digestion of ITS regions with BssSI and BsrBI ( Figures 7F and 7G ). Only B genome NORs were shown to be active by digestion with PvuII in both diploids and haploids ( Figure 7H ). Crossing of K-salmon with other lines (Chinese Spring and 41004; Table 2 ) can also induce haploid plants, but no differences in transcription were found in these diploids and haploids (Supplemental Figure 11) . While chromosome doubling can cause NOR silencing, the silencing cannot be reversed by haploidization.
rRNA Genes of the Donor Genomes Show Differential DNA Methylation in Newly Formed Amphiploids
The proportion of methylated cytosine residues at CCGG sites at promoters is negatively correlated with transcription of rRNA genes (Sardana et al., 1993; Earley et al., 2010) . We chose a 298-bp segment in the promoter region that contains the transcription initiation site (TIS) and its flanking regions for bisulfite sequencing (Figure 4) . In F1 hybrids of TL05 3 TMU06, the level of DNA methylation (CG, CHG, and CHH) at the promoter region of rDNA loci, which are derived from the A genome, was kept at the same level (or slightly decreased) as in the paternal line TMU06. After chromosome doubling (S0 generation), A genome CHG and CHH DNA methylation was strongly increased in the newly formed amphiploids, while CG methylation was unchanged ( Figure 8A ; Supplemental Figure 12A ). The percentage of CHH methylation in total methylation (relative CHH methylation content) was highest in S0 generation (Supplemental Figure 12B) . However, the increase of A genome CHH methylation disappeared in the S4 generation ( Figure 8A ; Supplemental Figure 12 ), but CHG methylation still showed a significant increase when compared with the parental A genome ( Figure 8A ; Supplemental Figure 12 ). For the S genome in the amphidiploid TL05 3 TMU06, CHG methylation rose from 29.81 to 38.48% in the F1 hybrids and returned to 34.21% during self-pollination. The CG and CHH methylation (except in the S0 generation) decreased or remained the same as the parental S genome from the F1 to S4 generation ( Figure 8A ). Overall, only the relative proportion of CG methylation continually decreased during subsequent self-pollinations (Supplemental Figure 12B) .
Immunolocalization with an antibody that recognizes methylated DNA (anti-5-methyl cytosine) revealed that most A genome rDNA loci had stronger DNA methylation in the amphidiploid TL05 3 TMU06 than in the paternal line TMU06, whereas signals from S genome NORs were not obviously changed ( Figure 8B ). In the newly formed amphidiploid TMU38 3 TQ27, an increase in the three types of DNA methylation in A genome NORs was observed in the S0 generation. Only the increased CHG methylation consistently remained in the S4 generation ( Figure 8A ; Supplemental Figure 12 ). With the exception of CG methylation in the S4 generation, no drastic alterations of DNA methylation were found in D genome NORs ( Figure 8A ; Supplemental Figure 12 ).
Histone Modification at Silenced rRNA Genes Changes during Polyploidization
Histone deacetylation as well as H3K27 and H3K9 methylation are important epigenetic modifications involved in silencing rRNA genes Probst et al., 2004; Pontvianne et al., 2012) . We detected five histone modifications (H4K12 acetylation, H3K27 trimethylation, H4K3 trimethylation, H3K9 dimethylation, and H3K9 acetylation) at the rDNA promoter of amphidiploid TMU38-TQ27 and its progenitors through chromatin immunoprecipitation (ChIP)-qPCR.
In the amphidiploid, we found that the heterochromatin marks H3K27me3 and H3K9me2 were greatly increased, while H3K9 acetylation and H4K12ac were slightly decreased ( Figure 8C ). H3K27me3 and H3K4me3, as well as H3K9me2 and H3K9ac, represent markers with inverse functional implications regarding gene expression and chromatin status. A remarkable increase of the ratio of H3K9me2/H3K9ac (the increase of H3K27me3/ H3K4me3 was not significant) was correlated with heterochromatinization in the A genome promoter of amphidiploid TMU38-TQ27 compared with its progenitor ( Figure 8C ). In the D genome, most histone modifications maintained the same enrichment, except for an increase of H4K12ac ( Figure 8C ). However, the higher level of active marker H3K9ac versus the repressive marker H3K9me2 (decrease of H3K9me2/H3K9ac) indicated that D genome rDNA loci are associated with more euchromatin marks in the amphidiploids than in the paternal D genome ( Figure 8C) .
We also detected H4K12ac on metaphase chromosomes through immunostaining. In the parental lines TL05 and TMU06, NORs were more enriched for H4K12ac than other regions on the chromosome (Supplemental Figures 13A and 13B) . However, this euchromatic modification disappeared on the silenced NORs from the A genome in the hybrid line TL05 3 TMU06, which contains two pairs of A genome NORs (Supplemental Figure 13C ). Only four NORs from the B genome still maintained high levels of H4K12ac in amphidiploid TL05 3 TMU06 and natural tetraploids (Supplemental Figures 13C and 13D ). In the amphidiploid TMU38 3 TQ27, which has four A genome NORs, the silenced A genome NORs lost the euchromatin marker H4K12ac (Supplemental Figure 14) .
DISCUSSION Asymmetric Sequence Elimination Follows Repression of rRNA Genes
The elimination of rDNA loci from specific genomes in allopolyploid plants has been reported in many allotetraploid species (Brettell et al., 1986; Volkov et al., 1999; Pontes et al., 2004; Shcherban et al., 2008; Xiong et al., 2011) . For natural allopolyploid wheat, previous studies reported that NOR loci on chromosome 5A were lost (Miller et al., 1983; Jiang and Gill, 1994) . In this study, we found an interaction between A, B, and D genome NORs. As only A genome NORs were lost, we suggest that the rDNA elimination was not random but rather was directed. Loci from the S or D genomes did not undergo obvious changes within the synthetic amphidiploids TL05 3 TMU06 (S l S l AA) and TMU38 3 TQ27 (AADD) (Figures 1 and 2) . However, NORs of the D, rather than of S b or B genomes, experienced sequence elimination and copy number reduction in the amphidiploid TB01 3 TQ27 (S b S b DD) and the common wheat Chinese Spring and Jing411 (AABBDD) (Figure 3 ; Supplemental Figures 6 to 8). These results indicate that NORs of the B (also called S) genomes were the most dominant during rRNA directed evolution of wheat. Such genomic asymmetry was also manifested in various morphological traits, agronomical traits, and DNA sequence alterations during the origination of allopolyploid wheat (Feldman et al., 1997; Ozkan et al., 2001; Baum and Feldman, 2010; Feldman and Levy, 2012) .
Genes of A, B, and D genomes experience unequal regulation and show parental expression level dominance (ELD) in allopolyploid wheat (Akhunova et al., 2010; Chagué et al., 2010; Qi et al., 2012; Li et al., 2014) . A recent report suggests that ELD of AB genome genes participates in plant development and that ELD of D genome genes is associated with plant adaptation to stress in young spikes of allopolyploid wheat (Li et al., 2014 ). We show that ELD of B and S genes mainly involves rRNA gene transcription and ribosome function in synthetic and natural tetraploid and hexaploid wheat ( Figure 5) . A genome NORs were the most recessive, independent of the crossing direction. They were rapidly silenced in early generations and were lost in later generations of the amphidiploids TL05 3 TMU06 (S l S l AA) and TMU38 3 TQ27 (AADD). Similarly, the D genome NORs initially lost their activity before the copy number was reduced in the hexaploid AABBDD (Figures 3 and 5E to 5H) . Therefore, we propose that asymmetric rDNA sequence loss is possibly related to the repressed gene activity in early generations.
The loss of NOR loci after their transcriptional silencing was also found in other newly formed allotetraploids such as A. suecica and Nicotiana tomentosiformis (Volkov et al., 1999; Pontes et al., 2003 Pontes et al., , 2004 Kovarik et al., 2008) . However, putative correlation between rRNA gene silencing and sequence elimination has yet to be shown in allopolyploid plants. Previous research indicated that transcription-induced cohesin dissociation might provide a general mechanism for determining rDNA copy number via recombination regulation in the yeast Saccharomyces cerevisiae (Kobayashi and Ganley, 2005) . In fact, gene silencing and differential expression of parental genomes can be rapidly established in early generations of plant allopolyploids. The winning parental genome depends on the expression state of genes in allotetraploid Arabidopsis and cotton (Gossypium hirsutum; Wang et al., 2004 Wang et al., , 2006 Chaudhary et al., 2009; Rapp et al., 2009 ). Furthermore, the silenced genes are gradually lost after gene silencing for long periods of time, which leads to homoeologous blocks with different degrees of gene retention (Thomas et al., 2006; Soltis et al., 2010) . This sequence downsizing, which is important for species evolution, is common in polyploid plants and is believed to counteract genome expansion after polyploidization (Leitch and Bennett, 2004; Baack et al., 2005) . These biased eliminations of rDNA and other DNA sequences in the allopolyploid wheat may facilitate genome size reduction after allopolyploidization (Feldman et al., 1997) .
NOR Silencing Depending on DNA Methylation May Be Triggered by Alloploidization and Cannot Be Reversed by Haploidization
Silencing of rRNA genes in the S0 generation might be related to increased DNA methylation after chromosome doubling. Chromosome doubling events were shown to promote evolutionary success by altering gene expression during the formation of allopolyploids (Hegarty and Hiscock, 2007) . Genes involved in metabolism, disease resistance, and cell cycle regulation of the newly formed tetraploid wheat altered their activities and DNA methylation level in the S1 generation (after chromosome doubling) (Kashkush et al., 2002) . In F1 hybrids of TL05 3 TMU06 and TMU38 3 TQ27, most types of DNA methylation in the promoter of A genome NORs remained at the same level as the parental lines TMU06 and TMU38, and no changes in NOR activity occurred ( Figures 5A, 5C , and 8A). However, in the S0 generation, both CHG and CHH methylation were significantly increased and may induce the silencing of A genome NORs ( Figures 5A, 5C , and 8A). Previous works indicated that CHH methylation, which is mediated by de novo cytosine methyltransferase DRM2 together with the methylcytosine binding domain proteins MBD6 and MBD10, may play an important role in the large-scale silencing of rRNA genes in A. thaliana (Preuss et al., 2008) . CHH DNA is first methylated by DRM2, and the DNA methylation is subsequently recognized by MBD6, which helps to maintain heterochromatin by CG or CHG DNA methylation (Preuss et al., 2008 ). An increase of CG methylation in the promoter region results in silencing of rRNA genes from Brassica rapa in new synthetic and natural polyploid species B. napus (Ksią _ zczyk et al., 2011) . In the synthetic tetraploid wheat TL05 3 TMU06 and TMU38 3 TQ27, both CHG and CHH methylation may be required for repressing A genome NORs and maintaining hypermethylation in the promoter regions similar to A. thaliana ( Figure 8A ). However, CHG methylation was dominant over CHH methylation, which may be the reason for consistent A genome NOR silencing. In wheat, we assumed that CHH methylation functioned as a rapid response to the "genome shock" and CHG methylation acted as a "holder" to maintain the response ( Figure 8A ). However, either the S or D genome NORs, mostly with low CG methylation, remained active as suggested for B. napus (Ksią _ zczyk et al., 2011) ( Figure 8A ). In hexaploid wheat, earlier work revealed that drastic regulation of siRNA corresponding to transposable elements occurred only upon allopolyploidization (S1 generation) but not immediately after hybridization in F1 hybrids (Kenan-Eichler et al., 2011) .
Allopolyploidization is a critical step for NOR silencing, and haploidization cannot reverse the process in wheat. The hexaploid wheat K-salmon and its haploids showed no difference in transcription of the A, B, D, and R genome rRNA genes ( Figures  7C to 7H ). These data imply that certain gene transcription and epigenetic modifications cannot be altered simply by changing the ploidy. Allopolyploidization is always accompanied by genome-wide rearrangements, changes in genes expression, and epigenetic modification that are involved in the formation of stable epialleles (Lee and Chen, 2001; Kashkush et al., 2002) . A previous report showed that segregation of inactivated hygromycin phosphotransferase epialleles from a tetraploid A. thaliana, which were activated in the diploid, could lead to persistent gene silencing even when the ploidy was changed, suggesting that the stable epigenetic modification on alleles cannot be reversed by reducing the ploidy level (Mittelsten Scheid et al., 2003) , similar to our current results for the rRNA genes in wheat.
Epigenetic Modifications May Contribute to Sequence Elimination of Silenced rRNA Genes
Nucleolar dominance and rRNA gene dosage are regulated by concerted changes in DNA methylation and histone modification in Arabidopsis . Increased DNA and H3K4 methylation and decreased histone acetylation are important for establishing inactive states of rRNA genes (Probst et al., 2004) . Histone deacetylase HDT1 was reported to be a key component for repressing rRNA activity in A. thaliana . HDA6, another histone deacetylase, suppresses intergenic Pol II transcription and mediates different effects regarding symmetric (CG and CHG) and asymmetric (CHH) cytosine methylation for silencing rRNA genes (Earley et al., 2010) . DNA methylation and (A) Bisulfite sequencing analysis was used to detect DNA methylation on the NOR promoters in amphidiploids TL05 3 TMU06 and TMU38 3 TQ27 (left and right histograms respectively). The DNA methylation changes of the A genome lines TMU06 and TMU38 compared with different generations in the amphidiploids are shown in the positive y axis. Comparisons to the S genome (TL05) and D genome (TQ27) are present in the negative y axis. In (A) and (C), the columns and error bars represent the mean relative level and SD, respectively. Each line had three biological replications. Differences between different lines were compared by Student's t test. P values:*P < 0.05 and **P < 0.01, respectively. (B) Immunolocalization analysis of anti-5-methyl cytosine in the parental lines TL05 (left in upper lane), TMU06 (right in upper lane), natural tetraploid wheat Langdon (left in bottom lane), and the amphidiploid TL05 3 TMU06 (right in bottom lane). In the amphidiploid TL05 3 TMU06, insets show higher magnification view of the chromosomes from A genome (left) and S genome (right). The anti-5-methyl cytosine antibody is labeled in green, 45S rDNA sequence is labeled in red, the specific repeated sequence from the B is labeled in white. DAPI is blue in all panels. Bar = 10 mm. (C) ChIP-qPCR analysis of five histone modification in the NOR promoters of the parental lines and the amphidiploid TMU38 3 TQ27 (left).Changes of the ratio of H3K27me3/H3K4me3 and H3K9me2/H3K9ac in the parental lines and the amphidiploids TMU38 3 TQ27 (right). A schematic course of the evolution of rRNA genes is shown. Solid red circles indicate methylation, and the open circles indicate lack of methylation. In the parental A genome, transcriptionally active NORs are accompanied by certain types of DNA methylation. NORs from the A genome remain active in F1 hybrids due to unchanged DNA methylation. After chromosome doubling, A genome NORs show increased DNA methylation and become silenced. In the S4 generation, the increase of DNA methylation on A genome NORs may induce the elimination of NOR loci on chromosome 5A. The A genome NORs lose another locus on chromosome 1A in the S6 generation. The S genome NORs with unchanged or decreased DNA methylation retain their activities and copy numbers in the self-pollinated generations. The newly formed tetraploid wheat becomes stable, although they have lost most NOR loci from the A genome.
repressive histone modifications regulate the silenced rRNA genes by promoting each other in a self-reinforcing cycle Earley et al., 2006) . However, for allopolyploid wheat, histone modification and differential DNA methylation have not been reported for rDNAs to date.
A significant increase of H3K27me3and H3K9me2 mainly maintained the heterochromatin state and might be associated with A genome NOR silencing in the S4 generation of amphidiploid TMU38-TQ27 ( Figure 8C) . Disruption of the H3K27 methyltransferases ATXR5 and ATXR6 and knockdown of H3K9 methyltransferase genes affected both the transcript accumulation of rRNA genes and the relative abundance of rDNA in A. thaliana (Pontvianne et al., 2012) . We hypothesize that the increased H3K27me3/H3K4me3 and H3K9me2/H3K9ac content might drive the elimination of inactive A genome NOR loci after gene silencing had been established. Furthermore, the changes of the ratio of H3K9me2/H3K9ac might maintain both the inactive A genome NORs and the active D genome NORs ( Figure 8C ). Two chromodomain proteins Pdd1p and Pdd3p that bind H3(Lys9)Me were sufficient to promote DNA excision in Tetrahymena, suggesting a link between heterochromatin formation and DNA elimination (Taverna et al., 2002) . In addition, H3K27 methylation is also required for heterochromatin formation and DNA elimination by regulating H3K9 methylation (Liu et al., 2007) . Similar mechanisms might regulate H3K27me3 and H3K9me2 to affect heterochromatin and rDNA sequence deletion in wheat.
Different from H3K27me3 and H3K9me2, the H4K12ac, H3K9ac, and H3K4me3 modifications were not obviously changed in the A genome promoters ( Figure 8C ). Previously, it was reported that HDA6 mutations could induce enrichment of H3K4 methylation and modify patterns of DNA methylation (Probst et al., 2004) . However, in the amphidiploid TMU38-TQ27, no significant interaction was observed among H3, H4 histone acetylation, H3K4me3, and DNA methylation ( Figures 8A and 8C) . Although the enrichment of H4K12ac was not obviously changed in NOR promoters of the A genome, it was drastically reduced in whole region (Supplemental Figures 13 and 14) , suggesting that this modification still affected NOR activity. Thus, DNA methylation and histone modifications both had differential function in the inactive and active NORs, and they were important for regulating the dosage of rRNA genes at both DNA and RNA transcript levels in allopolyploid wheat.
Mechanisms Underlying the Evolution of Repetitive Sequences in Wheat
Repetitive sequences comprise a large portion (80%) of the wheat genome and often experience evolutionary alterations in allopolyploid wheat, which includes rapid variation of copy number, structure, function, and epigenetic profile (Smith and Flavell, 1975; Wicker et al., 2001; Jurka et al., 2007) .
Rapid and repeated eliminations of the repetitive DNA sequence pGc1R-1a were found in synthetic wheat allopolyploids (Han et al., 2005) . Twenty microsatellite sequences in 15 populations of Triticum dicoccoides from Israel and Turkey showed that different distribution patterns of simple sequence repeat alleles (Fahima et al., 2002) . The sequences of Stowawaylike transposable element families displayed high conservation, genomic diversification, and significant differences in the methylation status of the insertion sites in diploid, tetraploid, and hexaploid wheat (Yaakov et al., 2013) . These reports suggest that evolution of repetitive sequences can be affected by both the genomic and environmental context. However, our results indicate that the expression and evolution of rDNA repeats is associated with epigenetic alterations (especially increased DNA methylation) and polyploidization rather than hybridization per se and exclude an effect of the origin of sequences in the sense of a "maternal effect" (Figure 9 ). These discoveries provide insight into the function of repetitive sequence in wheat evolution.
METHODS

Plant Materials
The F1 hybrids of TL05 3 TMU06 (SSAA), TMU06 3 TQ27 (AADD), and TQ27 3 TMU38 (DDAA) were generated in our laboratory. Embryo rescue was performed as described (Chu et al., 2008) . Two days after pollination, the stigma was sprayed with a mixture of 213.05 mg/L 2,4-dichlorophenoxyacetic acid (Sigma-Aldrich), 50 mg/L gibberellic acid (Sigma-Aldrich), and 80 mL/L Tween-80 (Sigma-Aldrich). Twelve days later, the immature embryos were dissected out and cultured on Murashige and Skoog medium (Sigma-Aldrich). When the embryos grew to three-leaf plants, the hybrids were treated with a mixture of 0.04% colchicine (Sigma-Aldrich) and 1% dimethyl sulfoxide (Sigma-Aldrich) for 12 h. Residual colchicine was washed away under running water for 24 h. The plants were then moved into an incubator for growth. The rest of the synthetic allopolyploids (except TL05 3 TMU06, TMU06 3 TQ27, and TQ27 3 TMU38) were kindly provided by Moshe Feldman (see Tables 1  and 2 ).
Cytological Preparation and Probe Labeling
Root tips for FISH experiments were fixed with 90% acetic acid, and metaphase chromosome preparations were performed as published (Kato et al., 2004) . For immunostaining, nuclei and metaphase chromosomes were prepared as described (Houben et al., 1999) with the modification that the root tips were fixed with 4% formaldehyde in 13 PBS for 1 h. The probes were prepared by direct labeling (Kato et al., 2004) . The 45S, 5S, IGS-B repeat, and PhvG38 DNAs were labeled with different fluorescent modified nucleotides: Alexa Fluor-488-dUTP, Alexa Fluor-546-14-dCTP, Alexa Fluor-594-5-dUTP, and Alexa-Fluor-647-aha-dCTP (Invitrogen). FISH images were acquired using an epifluorescence Olympus BX61 microscope equipped with a cooled charge-coupled device camera operated with MetaMorph software and processed with Adobe Photoshop CS 3.0.
Dot-Blot Analysis
One hundred nanograms of DNA for each sample was used as the DNA target, and specific PCR products from A, B, and D genome NOR promoters were used as probes. The specific sequences of A, B, and D genome promoters were amplified using the primers TIS-A, TIS-B, and TIS-D (Supplemental Table 1 ). The dot-blot protocol was performed as previously described with the slight modification that the hybridization was continued for at least 15 h at 65°C (Malinen et al., 2003) .
Transcriptional Analysis of NORs from Different Genomes of Hybrids
RNA was isolated from plants of three-leaf synthetic and natural hybrids using an RNA isolation kit (ZYMO Research) and then reverse-transcribed into cDNA using M-MLV reverse transcriptase (Promega) with random primers (New England Biolabs). The ITS sequences from different genomes were amplified using ITS primers (Supplemental Table 1 ) and cDNA as template. Unique cut sites for restriction enzymes (DrdI, PvuII, NspI, BssSI, and BsrBI; New England Biolabs) were found in these ITS sequences from different genomes using sequence alignment (GeneTool). The differential expression of NORs in the hybrids was analyzed using RT-CAPS as reported (Sardana et al., 1993; Pikaard et al., 2005) .
Isolation of IGS Sequences from A, B, and D Genomes
PCR amplification of IGS regions from the A, B, and D genomes using specific primers (Supplemental Table 1 ) was as described (Sardana et al., 1993; Pikaard et al., 2005) . The full-length sequences of IGSs were submitted to GenBank. The specific repetitive sequences from the B and D genomes were identified by comparing to the A genome IGS sequences (Supplemental Figure 10) . The specific part of each IGS sequence was amplified using the primers IGS-B repeat-F and IGS-B repeat-R (Supplemental Table 1 ).
Immunostaining on the Nuclei and Chromosomes
Prepared slides were preincubated with 3% BSA and 1% Triton X-100 in 13 PBS for 1 h at 37°C and then incubated with primary antibodies overnight at 4°C. The primary antibodies used were rabbit anti-H4K12ac (07-595; Millipore) and mouse antifibrillarin (ab4566; Abcam). For DNA methylation detection with anti-5-mc antibody (ab10805; Abcam), the slides were prepared as described above. The fluorescein isothiocyanateconjugated donkey anti-rabbit IgG (Jackson ImmunoResearch) was used as a secondary antibody.
Sodium Bisulfite Treatment and Sequencing of Promoter Regions
For DNA methylation analysis, 500 ng genomic DNA from each sample was treated with a sodium bisulfite treatment kit (ZYMO Research). The treated DNA was recovered and amplified with a converted promoter primer set (Supplemental Table 1 ). All the converted sequences were aligned (GeneTool), and the DNA methylation state was assessed with bioinformatic software CyMATE (Hetzl et al., 2007) . Significant differences were calculated with the SPSS 19.0 software.
ChIP-qPCR and Relative qPCR Quantification of Copy Number
ChIP with the antibody H4K12ac, H3K27me3, H4K3me3, H3K9me2, and H3K9ac were performed as described (Nagaki et al., 2003) with a small modifications. Nearly 20g fresh leaf tissue was treated in 1% formaldehyde and the isolated cross-linked chromatin was cut into mono-or dinucleosomes by the micrococcal nuclease (Sigma-Aldrich). Prior to further qPCR analysis, DNAs isolated by ChIP were purified using a PCR purification kit (Qiagen). Chromatin precipitated without antibody, and isolated chromatin before precipitation, were used as negative control and input control, respectively. Three biological replicates were used per experiment. For copy number quantification, each 20-mL PCR assay contained 100 ng DNA. The actin gene in wheat (Triticum aestivum) was used as a control (Supplemental Table 1 ). The qPCR protocol was as previously described (Livak and Schmittgen, 2001 ).
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL database under the following accession numbers: T. urartu TMU38 ITS sequence, KF482074; T. urartu TMU06 ITS sequence, KF482075; Ae. longissima TL05 ITS sequence, KF482076; Ae. speltoides AE739 ITS sequence, KF482077; Ae. sharonensis TH02 ITS sequence, KF482078; T. monococcum TMB02 ITS sequence, KF482079; T. durum 13-1 ITS sequence, KF482080; Ae. tauschii 30A ITS sequence, KF482081; T. aestivum 960 ITS sequence clone1, KF482082; T. aestivum 960 ITS sequence clone 2, KF482083; T. durum TTR04 ITS sequence, KF482084; Ae. tauschii TQ27 ITS sequence, KF482085; T. aestivum AT5 ITS sequence clone 1, KF482086; T. aestivum AT5 ITS sequence clone 2, KF482087; T. polonicum PI286547 ITS sequence, KF482088; T. dicoccoides TTD04 ITS sequence, KF482089; T. durum Langdon ITS sequence, KF482090; T. turgidum AS2255 ITS sequence, KF482091; T. petropavloski Udats et Migusch XJ356 ITS sequence clone 1, KF482092; T. petropavloski Udats et Migusch XJ356 ITS sequence clone 2, KF482093; T. petropavloski Udats et Migusch XJ358 ITS sequence clone 1, KF482094; T. petropavloski Udats et Migusch XJ358 ITS sequence clone 2, KF482095; T. aestivum Chinese Spring ITS sequence clone 1, KF482096; T. aestivum Chinese Spring ITS sequence clone 2, KF482097; T. aestivum ssp tibetanum Shao AS329 ITS sequence clone 1, KF482098; T. aestivum ssp tibetanum Shao AS329 ITS sequence clone 2, KF482099; T. aestivum ssp tibetanum Shao AS330 ITS sequence clone 1, KF482100; T. aestivum ssp tibetanum Shao AS330 ITS sequence clone 2, KF482101; T. petropavloski Udats et Migusch XM1341 ITS sequence clone 1, KF482102; T. petropavloski Udats et Migusch XM1341 ITS sequence clone 2, KF482103; T. aestivum Jing411 ITS sequence clone 1, KF482104; T. aestivum Jing411 ITS sequence clone 2, KF482105; Secale cereal KingII 106 ITS sequence, KF482106; T. aestivum K-salmon ITS sequence clone 1, KF482107; T. aestivum K-salmon ITS sequence clone 2, KF482108; T. urartu TMU38 IGS sequence clone 1, KF482109; T. urartu TMU38 IGS sequence clone 2, KF482110; Ae. longissima TL05 IGS sequence, KF482111; and Ae. tauschii TQ27 IGS sequence, KF482112.
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